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Available online 21 February 2016Phycobilisomes (PBSs) are pigment-rich super-complexes required for efﬁcient harvest and transfer of light
energy to photosynthetic reaction centers of cyanobacteria. The model cyanobacterium Fremyella diplosiphon is
able to adjust PBS pigmentation and size in response to the prevailing light spectrum through a process called com-
plementary chromatic acclimation to optimize spectral light absorption, concomitantly optimizing photosynthesis
and growth. We explored the ﬁtness costs versus advantages of modulating antennae size and composition under
sinusoidal continuous and ﬂuctuating light conditions in F. diplosiphon by comparing growth of wild-type (WT)
cells with a mutant strain deﬁcient in PBSs in both monoculture and polyculture conditions. Comparative analyses
ofWT and the PBS-deﬁcient FdCh1 strain under continuous vs.ﬂuctuating sinusoidal light suggest a potentialﬁtness
advantage for maintaining PBSs in WT cells during continuous light and a ﬁtness cost during transitions to and ac-
climation under ﬂuctuating light. We explored the physiological changes correlated with the observed differential
growth to understand the dynamics and biochemical bases of comparative ﬁtness of distinct strains under deﬁned
growth conditions. Wild-type F. diplosiphon appears to accumulate longer PBS rods and exhibits higher oxidative
stress under ﬂuctuating light conditions than continuous sinusoidal light, which may impact responses and the ﬁt-
ness of cells that do not adapt to rapid changes in external light.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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The dynamic environments in which photosynthetic microorgan-
isms live create selective pressures that contribute to niche partitioning
in the water column [1]. Natural selection drives niche partitioning, or
the differential use of resources or adaptation to environmental factors.
Light is an important factor that regulates vertical niche differentiation;
photosynthetic microorganisms receive higher irradiance and different
predominant wavelengths near the surface than do cells growing in
deeper waters. Higher irradiance near the surface can potentially lead
to photoinhibition or production of reactive oxygen species (ROS) that
can damage the organism [2]. In order to competewith other photosyn-
thetic organisms, cells need to optimize photosynthesis and minimize
photo-oxidative damage that could lead to impaired cellular ﬁtness
[3]. In addition to vertical gradient differences in the water column,Research Laboratory, 106 Plant
MI 48824, United States.
y).
. This is an open access article undercells are also exposed to ﬂuctuating light (FL) conditions. In aquatic sys-
tems, irradiance can change suddenly due to shifting meteorological
conditions, a canopy of surrounding vegetation, or due to refraction
and reﬂection of light in surfacewaters [4,5]. Additionally, the lens effect
of water or vertical mixing in the water column can result in high fre-
quencyﬂuctuations that can be short-termor can be sustained through-
out the photoperiod [5,6].
There is growing evidence that photosynthetic organisms are partic-
ularly sensitive to rapid changes in light, temperature, and nutrient
availability. Recent studies have highlighted the importance of examin-
ing organismal phenotypes under a variety of different conditions, with
a growing interest in the function and structural characteristics of the
photosynthetic apparatus under different light regimes, including
those more similar to dynamic natural environments [6–15]. In these
studies, somemutants showed no apparent phenotypes under standard
growth chamber experiments, yet exhibited emergent mutant pheno-
types under ﬂuctuating environmental conditions that mimic more
natural conditions. These studies have ranged from short term growth
periods with cyanobacteria or plants for hours, days, or much longerthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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period for up to a month.
Controlled experiments with microalgae have been carried out in
conditions ranging from natural environments to bioreactors with in-
termittent light regimes [16]. Intermittent light regimes can be separat-
ed into three major categories: low, medium, and high frequency
ﬂuctuations [17]. Low frequency ﬂuctuations in natural contexts are
processes that control diurnal and seasonal variations [18];medium fre-
quency cycles range from seconds to minutes associated with waves at
the water surface [19] and cloud cover; high frequency cycles are con-
sidered shorter than100ms [20] and can be causedby refraction and re-
ﬂection in the surface waters [19]. To cope with dynamic environments
over longer timescales, photosynthetic organisms regulate cell shape
[21,22], photoprotective mechanisms [23], and acclimation or reconﬁg-
uration of the photosynthetic light-harvesting apparatus, such as alter-
ations in phycobiliprotein pigment composition [1,24] and chlorophyll
content [25]. A particular process in which cyanobacteria tune their
phycobiliprotein pigment composition to changes in available wave-
lengths of light is complementary chromatic acclimating (CCA).
Cyanobacteria are one of the most abundant oxygenic phototrophs
in the ocean; many are able to ﬁx both carbon and nitrogen under
aerobic conditions and thus play a key role in the global carbon and nitro-
gen cycles [26]. In most cyanobacteria, light is captured by photosystems
and phycobilisomes (PBSs), the latter of which are phycobiliprotein-
containing complexes attached to the stromal surface of thylakoid mem-
branes and associated with the chlorophyll-containing photosystems
[27]. The major role of PBS complexes is to transfer light energy to the
chlorophylls of the reaction centers during photosynthesis [28]. PBS size
and composition can be tuned to maximize light absorption in response
to changes in the external environment. Through a process called state
transitions, cyanobacteria redistribute PBSs between photosystem II
(PSII) and photosystem I (PSI) to maximize absorption of light energy
under low-light stress or to protect cells from an excess of high light in-
tensities [29–33]. There is also evidence that PBSs can generate potentially
deleterious ROS when the PBS size and composition is not tuned to the
external environment [34,35].
There is growing interest in the optimization of cyanobacteria as
chassis to increase potential chemical and biomass production [36]. Re-
cent studies in this regard have focused on increasing light penetration
into and biomass accumulation in cyanobacteria cultures by reducing
the size of PBSs [37–40]. Synechocystis sp. PCC 6803 (hereafter
Synechocystis) mutants either with truncated, or completely lacking,
PBSs grewpoorly under controlled-environment, carbon-sufﬁcient con-
ditions [38,41,42]. By comparison, these mutants exhibited increased
productivity in carbon-limited and/or high light conditions [38,40–42].
It is important to note that these studieswere conductedwith the single
cell cyanobacterium Synechocystis under continuous light conditions.
Furthermore, studies to assess truncated antenna strains primarily
have been conducted to date with cyanobacteria that contain only phy-
cocyanin (PC) in the PBS rods and not with strains that exhibit greater
ﬂexibility of PBS structure, pigment content, and size such as Fremyella
diplosiphon (also known as Tolypothrix sp. PCC 7601; [43]).
F. diplosiphon is a freshwater ﬁlamentous cyanobacterium that
has been studied extensively for its ability to acclimate to variations in
light quality and intensity by changing the size and pigment composition
of its PBSs. F. diplosiphon changes its pigmentation to maximize absorp-
tion of prevailing wavelengths of available light [44]. In response to
green light (GL), red-colored, GL-absorbing phycoerythrin (PE) is
synthesized; conversely under red light (RL), green-colored, RL-
absorbing phycocyanin (PC) is predominant. This colorful pheno-
typic plasticity is an acclimation response historically called com-
plementary chromatic adaptation (CCA) [44]. CCA is critical in
natural environments where RL is predominant in surface waters
and GL is enriched deeper in the water column. Thus, the developmental
plasticity allows CCA-capable strains to tune PE and PC content to their
position in the water column. PE and inducible PC are phycobiliproteinsfound in thedistal portion of the rods of PBSs that can capture and transfer
light energy efﬁciently to the photosynthetic reaction centers within the
thylakoid membranes, thereby enabling F. diplosiphon to maximize pho-
tosynthesis and growthunder different external photoenvironments [45].
Prior studies have been conducted with acclimating cyanobacterial
strains to examine the potential beneﬁts of CCA under distinct GL or
RL conditions for acclimating strains relative to strains lacking CCA
and to determine the timescale over which CCA is potentially advanta-
geous [46,47]. In these experiments in which strains were examined
over ~30 days of growth, CCA-capable strains showed competitive ad-
vantages in acclimating to distinctwavelengths of light and ﬂuctuations
between GL and RL over longer times [46,47]. Thus, the timescale of ac-
climation impacted relative ﬁtness of acclimating strains.
We used a polyculture competition approach to examine the ﬁtness
advantages and costs of modulating antenna size and composition in
chromatically acclimating F. diplosiphonwild-type (WT) and amutant de-
ﬁcient in PBSs (FdCh1) [48] under sinusoidal continuous light (CL) orme-
dium frequency ﬂuctuating light regimes (FL) over time. FdCh1 contains
an insertion mutation in the cpcF gene [48]. CpcF encodes a subunit of a
heterodimeric lyase enzyme that catalyzes the attachment of the chromo-
phore to theα subunit of PC [49,50]. Thus, the CpcF-deﬁcient FdCh1 strain
is incapable of producing fully assembled PBSs or PBS rods [48] and is thus
incapable of CCA-associated pigment changes. We chose light regimes
that would allow us to compare our results to those from prior studies
both with truncated antennae mutants and studies conducted to assess
relative advantages of CCA-capable strains compared to those lacking
CCA. Additionally, we were able to examine early and acclimation re-
sponses to the imposed ﬂuctuating light relative to continuous light.
When the size and protein composition of the light-harvesting complexes
are not tuned to the external environment in photosynthetic organisms,
or PBSs are excitonically detached from the photosystems, imbalances
in electron transport can alter the cellular redox state and result in cellular
damage [35,51–53]. In polyculture competitions of the WT pigmentation
strain of F. diplosiphon and the FdCh1 mutant, we investigated whether
PBS-deﬁcient mutants can perform well relative to WT cells under CL or
FL. We also investigated the molecular bases of any observed differential
growth to determine the mechanistic bases of comparative ﬁtness of dis-
tinct strains under deﬁned growth conditions.
2. Materials and methods
2.1. Strains and culture conditions
F. diplosiphon strain SF33, a shortened-ﬁlamentmutant strain that dis-
playsWTpigmentation [54],was used asWT. Themutant FdCh1,which is
deﬁcient in PBSs, was isolated previously from the WT after heat-shock
treatment [48]. Axenic cultures were grown in BG-11 medium [55] con-
taining 20 mM HEPES at pH 8.0 (hereafter BG-11/HEPES). In shift exper-
iments, liquid cultures were pre-cultured by adapting to white light for
14 days at 45 μmol photons m−2 s−1 in glass ﬂasks prior to inoculating
bioreactors at a ﬁnal optical density at 750 nm (OD750) of 0.1 (Fig. 1A).
2.2. Monoculture and polyculture competition experiment growth conditions
Experiments were conducted using environmental photobioreactor
(ePBR) units described by [56]. The total volume of BG-11/HEPESmedi-
um in each bioreactor was 210 ml, and cultures were maintained at a
ﬁnal OD750 of 0.1 to avoid shading effects [42]. For the polyculture com-
petition experiments, WT and FdCh1 were both added to ePBR units in
equal concentration for a ﬁnal OD750 of 0.1,whereasmonocultureswere
inoculated for a ﬁnal OD750 of 0.1. Cultures were maintained at 26 °C,
with mixing at 200 rpm and a steady ﬂow of ﬁltered air. The light:dark
cycle was a 16:8 cycle at two different sinusoidal light regimeswithmax-
imal irradiance peak of 2000 μmol photonsm−2 s−1, provided by awhite
high power LED (as described in [56]). Cells were either irradiated with a
simple, constant sinusoidal progression of light (CL) (Fig. 1B) during the
Fig. 1. Competition experiment growth conditions. (A) Schematic of light shift experiments used for polyculture competition or monoculture growth of Fremyella diplosiphonwild-type
(WT) or FdCh1 (ΔcpcF) strains. Individual strains were initially grown in BG-11 medium containing 20 mM HEPES at pH 8 (BG-11/HEPES) under white light (WL) at 45 μmol m−2 s−1
for 14 d. Cells were then diluted in fresh BG-11/HEPES at an optical density at 750 nm (OD750) of 0.1 for monoculture or WT and FdCh1 cells were added in equal concentration for
ﬁnal OD750 of 0.1 for polyculture competition and cultures added to environmental photobioreactors (ePBR) [56] and grown under one of two light regimes shown in panels B and C
prior to phenotyping. (B) Continuous (CL) or (C) ﬂuctuating (FL) sinusoidal light regimes peaking at 2000 μmol m−2 s−1 were used for culture growth. Orange box pop out shows
details of the lights on, lights off cycle used during ﬂuctuating light. Arrows indicate time of cell aliquots collected for (1) pigment extraction and quantiﬁcation, qPCR, and qRT-PCR;
(2) ROS; and (3) qRT-PCR.
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pattern with periods of 1 min light followed by1 min dark, which we
designated ﬂuctuating light (FL) (Fig. 1C). The experiments were con-
ducted using semi-continuous growth; the cells were diluted to OD750
of 0.1 during the dark cycle once a day. For each light condition, at least
three biological replicates were used.2.3. Quantiﬁcation of strain abundance
For competition experiments, the relative abundance of each strain
was determined byquantitative PCR (qPCR). The FdCh1 strain possesses
an insertion of one copy of the insertion sequence element IS701 in the
cpcF gene [48]. Speciﬁc primers were designed to amplify the cpcFTable 1
Primers used to quantify cell abundance or concentration for each strain by qPCR and used
for ampliﬁcation of ocp, D1.1, D1.2, psaD, ﬂv1b, and orf10B genes by qRT-PCR.
Genes Forward Reverse
cpcF WT AACTACACAGCCAGATCTTGGCa CCTCTGGGAACCAATGCCATTCA
cpcF FdCh1 AACTACACAGCCAGATCTTGGCa AAATTTGACTGTTGGTGCGGCTGG
ocp GATTGTGGGTAGGGAGAACATC CTCCTTCTGCTGGTTCAGATAC
D1.1 TCGGCAGTGGGAATTATCTTAC GGAACCTTGACCCAAAGAGTAG
D1.2 CTAGCATTCTCTGCACCAGTAG CCAGAGATACCCAAAGGCATAC
psaD CTATCACCTGGACTAGCCCTAA AGTTGACCACCCAAAGCTATAC
ﬂv1b CGCCAAGTAGAAACAGCATTAG GGTAAGTTCAATCAGCGCATAAC
orf10B AGAACTACAGCGTCAGCTTAAT CTGCTTCGCTTTCAGCATTT
a Forward primer for qPCR of full length cpcF or deleted cpcF region is identical both for
WT and FdCh1.region from either the WT or FdCh1 genomic DNA (Table 1). Genomic
DNA was extracted using a ZR Fungal/Bacterial DNA MiniPrep™ kit
(Zymo Research, USA) from cell aliquots collected every 3–4 days. The
ﬁrst DNA sample was collected immediately following inoculation of
cells to conﬁrm that the two strains were added in equal amounts. We
veriﬁed that all primer sets had similar ampliﬁcation efﬁciency and
that each ampliﬁed only one PCR amplicon using melting curve analy-
ses. In all samples, the cycle threshold (Ct) values of three technical rep-
licates had a standard deviation b0.3, conﬁrming the accuracy of the
data. The product from each set of primers was compared to a reference
gene orf10B [57]. To convert the Ct values into a measure of the relative
abundance of each strain, the total ΔCt for each sample was calculated
as [total ΔCt = ΔCt gene of interest WT + ΔCt gene of interest FdCh1]
and was set to 100% population density. ΔCt for each gene of interest
in a sample was calculated as [ΔCt gene of interest = 2^(Ct gene of in-
terest − Ct reference gene ORF10B)]. For comparison, therefore, the
density of each strain present in the sample was calculated as [density
for each strain=ΔCt gene of interest / totalΔCt]. To analyze the relative
transcript levels, Fast qPCR was performed using 1 × Fast SYBR Green
master mix (Applied Biosystems, Inc.) on an ABI 7500 Fast Real-time
PCR system (Applied Biosystems, Inc.). Cycling parameters were 95 °C
for 20 s, 40 cycles of 95 °C for 3 s, and 60 °C for 30 s, followed by the de-
fault dissociation cycle for melting curve analysis. To independently
conﬁrm the results, on the last day cells were counted using both confo-
cal laser scanningmicroscope and colony formingunit (CFU)quantiﬁca-
tion after plating on solid BG-11/HEPES media plates and growing
under 20 μmol photons m−2 s−1 of RL at 28 °C. Colonies of WT and
FdCh1, which were distinguishable by color, were visible on plates for
counting by eye after one week.
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Physiological analyses were performed for monocultures of WT or
FdCh1 strains adapted to CL or FL sinusoidal regimes as described
above. For each condition, at least three biological replicates were used.
2.4.1. Growth rate
The growth rate (r) was calculated as the dilution rate, which is
deﬁned as F/V or the ﬂow (F) of fresh medium over the volume (V) of
culture in the bioreactor (210 mL) per day (d−1). Doubling time
(t) was then determined using the equation t = ln2 / r.
2.4.2. Pigment extraction
Pigments, including chlorophyll a (Chla) and phycobiliproteins
(PBPs), were extracted [58,59] and quantiﬁed using a modiﬁed method
using equations from [59] as described [60]. Carotenoidswere extracted
and quantiﬁed as described [61]. Pigment extraction and quantiﬁcation
were carried out 3 h before the maximum peak of light.
2.4.3. Immunoblot analyses
For immunodetection of the protein OCP, cultures were adapted for
2 days under CL or FL and 20 mL of cells at OD750 of 0.1 were collected
during the maximum light intensity peak. Cells were pelleted and
lysed using CelLytic B (Sigma). A total of 60 μg of total soluble proteins
was loaded on 10% SDS-PAGE gels and after electrophoresis proteins
were blotted as previously described [62]. For immunodetection, the
primary anti-OCP antibody was added at 1:1000 dilution in blocking
solution. To detect the primary antibody, an anti-rabbit secondary anti-
body conjugated with horseradish peroxidase (Thermo Scientiﬁc
Pierce) was added at 1:10,000 dilution in blocking solution. Blots
were visualized on a VersaDoc MP 4000 imager (BioRad) with the
WesternBright™ ECL western blotting detection kit (Advansta,
Menlo Park, CA).
2.4.4. Detection of reactive oxygen species (ROS)
The detection of ROS was performed as described [63] with modiﬁ-
cations. Brieﬂy, 5mL of cells taken from cultures 1 h after themaximum
peak of light on the ﬁrst, third, and seventh day post-inoculation was in-
cubated with 10 μM 2′,7′-dichlorodihydroﬂuorescein diacetate (DCFH-
DA; EMD chemicals) for 1 h at room temperature in the dark. Cells
were pelleted and 4 mL of the initial 5 mL of medium was removed.
The cell pellet was resuspended in the remaining 1 mL of medium with
DCFH-DA and ROS levels were determined by detecting ROS-dependent
generation of the ﬂuorescent DCF molecule at 520 nm with excitation at
485 nm using a SpectraMax M2 microplate reader (Molecular Devices).
2.5. Quantitative reverse transcriptase PCR (qRT-PCR)
For RNA extraction, F. diplosiphon cells from a 50 mL aliquot of
culture were collected 48 h after the transfer of cells to the reactors.
Cultures were sampled 3 h before and 3 h after the maximum peak of
light and RNA isolated as described [64]. Total RNA extracted was treat-
ed with a TURBO DNA-free kit (Ambion, Austin, TX). cDNA synthesis
was performed with 0.5 μg of total RNA using the Reverse Transcription
System (Promega Corporation, Madison, WI) following the
manufacturer's protocol. We veriﬁed that all primer sets (Table 1) had
similar ampliﬁcation efﬁciency by diluting F. diplosiphon cDNA and PCR
product containing the gene fragments (1:1; 1:10; 1:100; 1:1000;
1:10,000).
2.6. Bioinformatics analyses
A total of 202 available cyanobacterial genomes present in the
Integrated Microbial Genomes (IMG) system during the preparation
of this manuscript were used to assess the presence of indicated
conserved domains.2.7. Statistical analyses
All experiments were conducted with at least three independent bi-
ological replicates. For comparing pigment data forWT cells in CL vs. FL,
a two-tailed unpaired Students' t-testwas used. For all other conditions,
the statistical signiﬁcance of effects of light conditions on F. diplosiphon
were determined using one-way analysis of variance (ANOVA) with
Fisher post-hoc test using OpenStat statistical software (version
10.01.08; [65]). Statistical analyses were performed utilizing 95% conﬁ-
dence intervals (p b 0.05) for all analyses.
3. Results
3.1. WT cells have a ﬁtness advantage under continuous sinusoidal light,
but a ﬁtness cost under ﬂuctuating light
We examined competitive ﬁtness under high light stress of the WT
strain that exhibits qualitative and quantitative ﬂexibility of PBSs
relative to the FdCh1mutant that is PBS-deﬁcient. WT and FdCh1 cul-
tures were initially acclimated to white light, prior to being shifted to
either a continuous sinusoidal light (CL) or ﬂuctuating light (FL) regime
(Fig. 1). DNA samples of mixed cultures at OD750 of 0.1 were collected
every 3 or 4 days to quantify relative cell density of the population.
After 7 days, the WT started to outcompete the FdCh1 mutant under a
CL regime. By 28 days, 91% (±3) of the population consisted of WT
cells under CL conditions (Fig. 2A). By comparison, under FL FdCh1
outnumbered WT early in the growth analyses and the WT composed
52% (±4) of the total population after 28 days (Fig. 2B), demonstrating
that FdCh1 competed well against WT under FL conditions.
3.2. Physiological analyses
To gain insight into themechanisms underlying the observed perfor-
mance differences of the strains in the competition experiments, we an-
alyzed physiological characteristics of WT and FdCh1 mutant grown in
monoculture under CL and FL regimes to assess differences that may
be associated with the differential competitiveness of the strains in
polyculture under the distinct light regimes.
3.2.1. CL vs. FL regimes differentially impact WT compared to PBS-deﬁcient
FdCh1 mutant
We investigated whether the growth of WT and the FdCh1 mutant
were similar under the two different light regimes, or whether the
strains exhibit distinct patterns under one regime compared to the
other. As expected given that the total light under CL is about two-fold
more than under FL, the growth rate was higher for both strains under
CL regime compared to FL (p b 0.05) (Fig. 3). The strains exhibited dis-
tinct responses, however, as WT grew 1.7-fold more and FdChl 2.6-
fold more in FL vs. CL (Fig. 3). Notably, the FdCh1 mutant grew faster
inmonoculture under CL (doubling time 34.5 h) than theWT (doubling
time 41.5 h) (p b 0.05). Under FL, WT grew faster (doubling time 69 h)
than FdCh1 (doubling time 92 h) (p b 0.05) (Fig. 3). The growth rates of
the strains in monoculture did not reﬂect the differential abundance of
strains observed in the competition experiments, i.e., FdCh1 grows
faster than WT under CL in monoculture (Fig. 3), but exhibits a severe
ﬁtness disadvantage compared to WT in polyculture under CL (Fig. 2a).
Additionally, FdCh1 grows slower that WT in monoculture under FL
(Fig. 3), yet competes well with WT in polyculture under this condition
(Fig. 2b). Together, these results suggest that other parameters apart
fromgrowth ratemay have impacted theWTduring competition, leading
to its impaired ﬁtness relative to FdCh1 during early phases in FL light
compared to its performance in CL. Alternatively, strain interactions in
mixed cultures compared to monoculture may reﬂect a mutual inﬂuence
of strains, including allelopathic properties [66], potential shading, or
other physiological effects, that ultimately impacts the growth patterns
of strains in polyculture compared to monoculture.
Fig. 2.Direct competition of wild-type (WT) and FdCh1 strains of Fremyella diplosiphon under continuous light (A) and ﬂuctuating light (B) sinusoidal regimes (regimes shown in Fig. 1).
Competition experiments were initiated with the two strains at the same initial density. Samples were collected every 3 or 4 days to quantify relative cell density of the population by
quantitative PCR-based analysis for distinct cpcF genomic regions in the WT compared to the FdCh1 strain. Data points represent averages from three independent biological
replicates. Vertical bars represent the standard deviation.
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To investigate the differential regulation of photosynthetic pigment
levels inWT compared to FdCh1under our growth conditions, we quan-
tiﬁed pigment composition in both strains under CL and FL regimes.
Total Chla per mL of culture was higher in WT under FL (0.51 mL−1)
than under CL (0.38 mL−1) (p b 0.05), but not signiﬁcantly different
under CL compared to FL in FdCh1 (Fig. 4A). Overall, WT contained
more Chla per mL than the FdCh1 mutant (p b 0.05) (Fig. 4A). Caroten-
oid levels followed a similar trend. Carotenoids were slightly higher
under FL than CL in both strains and overall higher in the WT than in
FdCh1 (but not signiﬁcantly in any case) (Fig. 4B). There was no signif-
icant difference in the PC to allophycocyanin (AP) ratio inWT under the
two light regimes. However, the PE/AP and PE/PC ratios increasedFig. 3. Growth rate of monocultures of wild-type (WT) and FdCh1 strains of Fremyella
diplosiphon under continuous light (CL) and ﬂuctuating light (FL) regimes. The growth
rate was calculated as the dilution rate, which is deﬁned as F/V or the ﬂow (F) of fresh
medium over the volume (V) of culture in the bioreactor per day. Bars represent
averages (±standard deviation) from three independent biological replicates. Data were
analyzed by an ANOVA test and means with identical letters represent a homogenous
mean group (p N 0.05), whereas different letters are for means that are signiﬁcantly
different (p b 0.05). Numbers below bars are fold difference for strain in FL relative CL
and doubling time (t) in hours (h). Doubling time was calculated for growth rate
(r) using the equation t = ln2 / r.signiﬁcantly under FL (1.76 and 2.98, respectively) compared to CL re-
gime (1.13 and 1.82, respectively), suggesting acclimation of the PBS
inWT under FL compared to CL. These increased PBP ratios were a func-
tion of higher levels of PE, which composes the majority of the distal
portion of PBS rods under GL-enriched white light conditions [44]
(Fig. 4C). In the FdCh1 mutant, very low PE/AP ratios were detected
and these values were not signiﬁcantly different between CL and FL
(Fig. 4D). PC was not detected in the FdCh1mutant under either condi-
tion (Fig. 4D). Given the lack of PC in this strain, fully functional PBS rods
are not able to be formed, resulting in PBS-deﬁcient cells [48].
3.2.3. Reactive oxygen species (ROS) levels were higher in WT under FL
regimes
ROS can accumulate in cyanobacteria in which PBSs transfer too
much energy to the photosystems or due to overexcitation of the photo-
systems themselves by light at intensities that exceed the capacity for
photochemistry or cellular photoprotection capabilities, either of
which results in overreduction of the photosystems [34,68,69]. Exciton-
ic decoupling of PBSs from thephotosystems and PBS dispersal through-
out the cytoplasm of cells also occurs in cyanobacteria under excess
light [35,70]. Such a phenomenon alsomay be associatedwith oxidative
stress given the ability of isolated or uncoupled PBSs to generate ROS
when exposed to high light [67]. To assess the impact of CL vs. FL on ox-
idative stress in WT compared to PBS-deﬁcient FdCh1, intracellular
levels of ROS generated under CL and FL regimes were quantiﬁed
using a ROS-sensitive DCFH-DA dye. The total ROS production in WT
was signiﬁcantly higher (p b 0.05) under FL than under CL (0.86 AU
vs. 0.26 AU), and relative to the FdCh1 mutant, under FL conditions on
the ﬁrst day, and higher levels in WT under FL persisted at day 3
(Fig. 5). ROS levels in the FdCh1 mutant were similar under FL and CL
conditions throughout the course of the experiment. ROS levels de-
creased in WT under FL over the course of the experiment from
0.86 AU on the ﬁrst day to 0.53 AU by the seventh day, suggesting that
photoprotection and/or acclimatory processes were induced. By com-
parison, the FdCh1 mutant did not exhibit signiﬁcant changes in ROS
levels under FL during the time course of the experiment or between
FL and CL, although notably on the ﬁrst day ROS levels were 50%
lower under FL than under CL.
3.2.4. Gene expression
Short-termphotosynthetic acclimation toﬂuctuating environmental
conditions or other moderate environmental changes is one response
that can occur as a result of gene expression changes or enzyme modi-
ﬁcations occurring within organisms [71]. Relative gene expression
analyses of photoinhibition and photosystem marker genes at the
mRNA level were performed before and after the “middle of day”max-
imum peak of 2000 μmol photons m−2 s−1 for both CL and for FL two
days after switching to bioreactors. Relative gene expression before
Fig. 4. Photosynthetic pigment levelsweremeasured formonocultures of wild-type (WT) and FdCh1 strains of Fremyella diplosiphon under continuous light (CL) and ﬂuctuating light (FL)
regimes. Total chlorophyll a (Chla) (A), carotenoids (B), and PBPs (C, D). Pigment extractions andquantiﬁcationswere carried out 3 h before themaximumpeakof light. PE, phycoerythrin;
PC, phycocyanin; AP, allophycocyanin. Bars represent averages (±standard deviation) from three independent biological replicates. (A, B) Data were analyzed by an ANOVA test to
compare values for different strains and means with identical letters represent a homogenous mean group (p N 0.05), whereas different letters are for means that are signiﬁcantly
different (p b 0.05). (C, D) Photosynthetic pigment levels within a strain (WT or FdCh1) were compared by Students' t-test and stars (*) represent means that are signiﬁcantly different
(p b 0.05) between CL and FL. N.D., not detected. N.A., not applicable as PC was not present in FdCh1 cells.
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highest light stress; on the other hand, after the peak, gene expression
could give insight into the condition of the cells under this intense
stress. To investigate the transcriptional responses of cells under FL vs.
CL, we analyzed the change in gene expression of a number of genes, in-
cluding photoinhibition and photosystem marker genes, at the mRNA
level by performing quantitative real-time reverse transcription PCR
(qRT-PCR) (Fig.6). We assessed the gene encoding the orange
carotenoid-binding protein (OCP), which is a carotenoid-bound
photoactive protein essential for triggering a photoprotective mecha-
nism in which absorbed light is dissipated as heat [23]. Levels of
mRNA for ocp were higher in the WT than in FdCh1 under both CLFig. 5. Reactive oxygen species (ROS) of monocultures of wild-type (WT) and FdCh1
strains of Fremyella diplosiphon under continuous light (CL) and ﬂuctuating light (FL)
regimes. Sampling was carried out 1 h after the maximum peak of light. ROS were
normalized to total proteins. Fluorescence values were obtained by subtracting
ﬂuorescence from growth medium mixed with ROS-sensitive DCFH-DA dye and
ﬂuorescence from samples containing only cells and lacking DCFH-DA dye. Bars
represent averages (±standard deviation) from three independent biological replicates.
Data were analyzed by an ANOVA test to compare values for different strains and means
with identical letters represent a homogenous mean group (p N 0.05), whereas different
letters are for means that are signiﬁcantly different (p b 0.05).and FL (p b 0.05). In the FdCh1 mutant, ocp mRNA levels were very
low overall with the relative gene expression of ocp being down-
regulated in FL compared to CL (Fig. 6A). Levels of ocp did not differ
greatly before and after the maximum peak of light in any case.
The expression of a highly conserved core subunit of PSI, encoded by
psaD, was decreased under high light intensity in Synechocystis [72].
There was a threefold greater accumulation of psaD mRNA in FdCh1
than in WT under CL after the maximum peak of light intensity
(Fig. 6B). Notably, the levels of psaD mRNA were signiﬁcantly higher
in FdCh1 than inWT under all conditions tested. Transcriptional control
of D1-encoding genes is associatedwith stress and D1 turnover and cel-
lular adaptation to increased light intensity [73,74]. There are two
copies of the gene encoding the D1 subunit of PSII annotated in
the genome of F. diplosiphon, referred to here as D1.1 and D1.2. Mul-
tiple psbA genes encoding the D1 protein are found in most
cyanobacteria, with prior associations of some D1 variants with ex-
posure of cells to high light [75]. The relative gene expression of
D1.1 in WT showed high levels of expression in CL after the peak, but
no signiﬁcant differences in expression under FL (Fig. 6C). By comparison,
the expression of D1.1 increased under FL compared to CL in FdCh1
(p b 0.05), though there were no differences relative to maximum light
intensity in the middle of the day (Fig. 6C). The expression of D1.2 was
overall higher before the maximum peak in CL in both strains (Fig. 6D).
FdCh1exhibited a threefold higher expression of D1.2 before the peak
compared with other conditions. The relative expression of the
ﬂavodiiron protein-encoding gene ﬂv1B, which is essential for protecting
cells against oxidative stress [76], was not signiﬁcantly different between
WT and FdCh1 under CL. However, there was a decrease in ﬂv1BmRNA
levels in WT under FL compared to CL that was not observed in FdCh1
(Fig. 6E).
3.2.5. OCP protein levels under continuous vs. ﬂuctuating sinusoidal light
Given the signiﬁcant difference in mRNA levels for ocp in WT com-
pared to FdCh1 and the role of this protein in protecting cells from
high light stress [77], we investigated by immunoblot analysis whether
OCP protein levels were reﬂective of the observed transcript levels. OCP
protein levels were indeed lower in the FdCh1 strain under both CL and
Fig. 6. Effect of continuous light (CL) and ﬂuctuating light (FL) regimes on photoinhibition and photosystem marker genes for monocultures of wild-type (WT) and FdCh1 strains of
Fremyella diplosiphon. Expression of (A) ocp, (B) psaD, (C) D1.1, (D) D1.2, and (E) ﬂv1b genes 3 h before (black bars) and after (white bars) the maximum peak of light. Transcript
levels were normalized to the house keeping orf10B and are shown as relative to gene expression under the WT CL before the peak of light intensity. Bars represent averages
(±standard deviation) from three independent biological replicates. Data were analyzed by an ANOVA test to compare values for different strains and means with identical letters
represent a homogenous mean group (p N 0.05), whereas different letters are for means that are signiﬁcantly different (p b 0.05).
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expression analysis, OCP levels were lower in FL than in CL for FdCh1.
Notably, although ocpmRNA levels were not signiﬁcantly different for
WT under FL vs. CL, WT accumulated lower levels of OCP protein
under a FL regime than under CL (Fig. 7).
4. Discussion
In this study, we explored the ﬁtness costs of maintaining the
ﬂexibility of PBSs under deﬁned growth conditions in F. diplosiphon, a
cyanobacterium capable of acclimating to changes in light quality and
intensity by adjusting pigment composition and size of its PBSs to max-
imize absorption of the prevailing light spectrum [44] under different
light conditions [61,78]. Here, we compared WT F. diplosiphon and a
FdCh1 mutant deﬁcient in PBSs. Whereas WT is able to adapt its PBS
content and size to variations of light quality and intensity, PBS-
deﬁcient FdCh1 does not. Therefore, these two strains were a good
case study to assess the costs and value of maintaining ﬂexible PBSs
under stressful conditions. We grew the two strains under continuous
light and ﬂuctuating light conditions, the latter of which mimic more
natural conditions (Fig. 1), though over longer timeframes. A few stud-
ies have examined the beneﬁcial aspects of CCA in organisms possessing
the capability of adapting pigment composition to different light quali-
ties relative to species that lack CCA [46,47]. These experiments, which
primarily focused on variations in wavelengths of light, demonstrated
that species capable of CCA exhibit a competitive advantage in ﬂuctuat-
ing environments over longer time frames in which full acclimation is
possible compared to species lacking CCA. The broad implications ofthese studies and an ability to deﬁnitely attribute the observed ﬁtness
differences to the presence or absence of CCA are limited by potential
complexities that arise from comparing relative ﬁtness of completely
different species. In the studies we described here, we explored the po-
tential adaptive signiﬁcance of CCA that is associated with a deﬁned ge-
netic basis in a single species by competing a mutant lacking the ability
to adapt PBS during CCA against the WT.
Our competition experiments showed that the acclimatic ﬂexibility
of WT F. diplosiphon cells resulted in a short-term growth impairment
while acclimating to ﬂuctuating light conditions relative to a PBS-
deﬁcient strain.We suggest twopotential explanations, althoughwe ac-
knowledge that othersmay be possible. First, we hypothesize that there
are energy costs for WT cells during acclimation to changing light con-
ditions. For example, energy is used to reconﬁgure PBSs and to support
photoprotective mechanisms such as those mediated by OCP, and
thereby photosynthetic efﬁciency is transiently reduced and maximal
rates of growth are not achieved. Prior studies with F. diplosiphon dem-
onstrated a reduced light use efﬁciency during acclimation of PBS con-
tent to new light conditions [45]. By comparison, FdCh1, which lacks
an ability to respond to these continuous changes at the level of PBS
adjustments and fails to support production of OCP under these condi-
tions, would not experience the energy cost for reconﬁguring PBSs nor
an associated change in light use efﬁciency. WT initially exhibits a
reduction in its abundance in the population under FL conditions that
is not apparent for FdCh1 (Fig. 2B). This is in agreement with the idea
that WT experiences a period of acclimation under FL which includes
using energy to promote a transcriptional response to adjust the pig-
ment composition of its PBSs and an induction of photoprotective
Fig. 7.Analysis of OCP accumulation inmonocultures of wild-type (WT) and FdCh1 strains
of Fremyella diplosiphon under continuous light (CL) and ﬂuctuating light (FL) regimes.
(A) Anti-OCP immunoblot: a total of 60 μg of total soluble proteins were separated on
10% SDS-PAGE gels. After blotting, OCP (orange carotenoid protein) was detected with
anti-OCP antibodies. Molecular mass in kilodaltons (kDa) is indicated to the right of the
representative blot. OCP band at ~35 kDa; NS, non-speciﬁc band at ~48 kDa. The NS
band is present at equal levels in cells and is not speciﬁc to OCP as it is still present in an
ocp-deletion mutant (data not shown). NS was used as an internal loading standard.
(B) OCP to NS ratio quantiﬁed based on densitometry. Bars represent averages (±standard
deviation) from three independent immunoblots.
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the light ﬂuctuations we imposed under FL may have been too rapid
for WT to adequately adjust its PBSs to either the dark or the light
phase, leading to ROS formation. Although ROS can be generated from
PBS that are functionally detached from the photosystem [34,35,67,
70], we did not detect any difference in the transfer of energy from
PBSs to reaction center chlorophylls in WT cells grown under CL vs. FL
(Supplemental Fig. S1), using time-resolved ﬂuorescence lifetime
decay kinetics at 77K [79]. The lack of appearance of long-lived ﬂuores-
cence emission components would generally be consistent with the
maintenance of efﬁcient excitation transfer from the peripheral light-
harvesting complexes, i.e., the PBS in F. diplosiphon, to the PSs [79].
The accumulation of high levels of PE under FL (Fig. 4C) suggests that
WT produces longer rods to increase light absorption under FL condi-
tions, conditions under which the cells receive less overall light com-
pared to CL. Cyanobacterial cells growing in light-limited conditions
exhibit longer PBS rods than cells growing in excess light [80]. However,
in response to the dark-to-light transitions imposed under FL regimes,
the observed higher PBS pigment levels together with Chla and the
reduced capacity for photoprotection associated with lower OCP
levels could together lead to excess light absorption by PBS and as-
sociated overexcitation of photosystems in the absence of sufﬁcient
photoprotection, which could lead the accumulation of ROS and con-
tribute negatively to the growth ofWT.We conﬁrmed thatWT transiently
produced higher ROS under FL regimes, before starting to acclimate to
growth under FL (Fig. 5). By contrast, FdCh1 did not exhibit a signiﬁcant
change in ROS levels over the course of the experiments. The lack of FL-
induced ROS accumulation is intriguing and suggests that the mutant ei-
ther does not accumulate ROS due to its deﬁciency in PBSs, that the atten-
uated level of OCP accumulating in the mutant is sufﬁcient for protectingresidual PBS cores that may assemble in the mutant, or that alternative
photoprotective mechanisms independent of OCP may be activated. To-
gether, comparing WT and FdCh1 responses suggests that longer PBS
rods, and perhaps lower accumulation of OCP protein under FL vs. CL
and associated diminished photoprotection capacity, are the source of
ROS generatedunder FL inWTandmaybe associatedwith the differential
competitive growth responses observed under CL compared to FL.
Another key observation regarding OCP is that the ocp gene expres-
sion pattern suggests that relative abundance or a lack of PBSs may reg-
ulate expression of the ocp gene by a negative feedback mechanism. In
WT, the levels of ocp transcripts were higher when cells were exposed
to higher stress, both after themaximumpeak in CL and overall in FL re-
gime. This likely denotes a cellular response to higher stress experi-
enced under these conditions. Consistent with this, expression of ocp
has been previously shown to be upregulated by high light and/or
oxidative stress [81,82]. Also, OCP protein levels have been shown to in-
crease in response to salt [83] or iron [84] stresses, which are also asso-
ciated with elevated oxidative stress in photosynthetic organisms [85].
Notably, the PBS-deﬁcient strain showed no transcriptional upregula-
tion of ocp to high light stress and OCP protein levels also were down
in high light in the FdCh1 mutant. These observations strongly suggest
that in F. diplosiphon an intriguing interaction occurs in which in the
absence of functional PBSs, a cellular mechanism exists to inhibit OCP
production, which would not be needed to quench excess PS excitation
in the absence of PBSs.
Elevated levels of D1 transcripts may indicate an increased turnover
of the D1 protein [74]. Expression of the D1.1 gene was upregulated
under FL in the FdCh1strain,whereas the levels inWTwere signiﬁcantly
lower under the same regime (Fig. 6C). F. diplosiphon contains two D1
genes similar to some other strains, including Synechococcus sp. PCC
7942 [73]. In Synechococcus sp. PCC 7942, expression of the D1.1 variant
increases under low light; whereas expression of D1.2 variant increases
under high light or stress conditions [73]. This differential regulation of
these two D1 variants tunes ﬁtness of the cells to the prevailing light in-
tensity [73]. In accordance with Vinyard et al. [73], total levels of D1.2
transcripts also were higher compared to D1.1 transcripts under high
light conditions in F. diplosiphon (data not shown).
The ﬂv1B gene encodes a protein known for protecting against
oxidative stress [76]. WT showed lower levels of accumulation of the
ﬂv1B transcript under FL regimes (Fig. 6E). If the level of ﬂv1B transcripts
reﬂects the same pattern of accumulation at the protein level, the pool
of Flv1B available for associating with the reaction center complexes
could be low under FL regimes, suggesting that Flv1B-mediated photo-
protection may be impaired under FL compared to CL. Hence, low
expression of genes associated with limiting photodamage or inducing
photoprotection in WT under FL regimes suggest that WT may have
been subjected to oxidative stress under FL regimes, which was
supported by elevated ROS levels in WT under FL.
The apparently beneﬁcial mutation in FdCh1 under FL regimes was
in agreement with studies that showed that in the model cyanobacteri-
um Synechocystis, the absence of PBSs increased productivity in carbon-
limited and high light conditions [38,40–42]. It was not possible to com-
pare these studies directly with our results as we grew cells in different
environmental conditions,where cellswere exposed to sinusoidal (ﬂuc-
tuating or continuous) light regimes. The association of PBS-deﬁcient
mutants with improved survival under high or ﬂuctuating light envi-
ronments suggests that cyanobacterial strains that lack PBSmay be pos-
itively selected in some natural contexts. Indeed, cyanobacterial species
lacking PBSs are found in natural habitats but appear to be rare (Supple-
mental Table S1). As previously shown by Lea-Smith et al. [42], some
strains of Prochlorococcus marinus, some strains of Prochlorococcus sp.
and the cyanobacterium UCYN-A lacked genes for PBS domains alto-
gether. Other strains of P. marinus and Prochlorococcus sp. only possess
genes for PE, as previously described [86]. These strains lack genes for
the core components of PBSs, including AP, and thus are not thought
to assemble functional PBS, but carry orphan PBP genes. In addition to
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Caenarcanum bioreactoricola, some Gastranaerophilaceae strains,
Obscuribacter phosphatis, and Scytonema hofmanni PCC 7110 that lack
PBSs (Supplemental Table S1). Many of the species that lack PBSs are
present in habitats exposed to strong light conditions (Supplemental
Table S1).
In this study, we demonstrated a competitive disadvantage for
strains deﬁcient in PBSs under CL, whereas a strain that lacks PBS-
associated cellular damage competes well compared to WT under FL.
Eliminating an entire antenna system can lead to increased ﬁtness
under certain environmental conditions. This implies that there are ﬁt-
ness tradeoffs to having a large and light-tunable antenna system, even
in cyanobacterial species that exhibit great qualitative and quantitative
ﬂexibility of PBS such as F. diplosiphon. It may be possible to exploit
these tradeoffs to optimize the efﬁciency of cyanobacterial energy cap-
ture to improve culture productivity.
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